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MATERIALS AND METHODS FOR 
NEAR-INFRARED AND INFRARED LYMPH 

NODE MAPPING 

CLAIM OF PRIORITY 

This application claims priority under 35 U.S.C. § 119(e) 
to US. Patent Application Ser. No. 60/451,246, ?led on Mar. 
4, 2003, the entire contents of Which are hereby incorporated 
by reference. 

FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

This invention Was made With government support under 
Grant No. 1-R21-EB00673-01, awarded by NIH, and Grant 
No. DMR-0213282, aWarded by NSF. The government has 
certain rights in this invention. 

TECHNICAL FIELD 

The invention relates to lymph node mapping. 

BACKGROUND 

Semiconductor nanocrystals (QDs) having small diam 
eters can have properties intermediate betWeen molecular 
and bulk forms of matter. For example, nanocrystals based 
on semiconductor materials having small diameters can 
exhibit quantum con?nement of both the electron and hole 
in all three dimensions, Which leads to an increase in the 
effective band gap of the material With decreasing crystallite 
siZe. Consequently, both the optical absorption and emission 
of nanocrystals shift to the blue (i.e., to higher energies) as 
the siZe of the crystallites decreases. Semiconductor nanoc 
rystals can have a narroW ?uorescence band Whose emission 
Wavelength is tunable With the siZe and material of the 
nanocrystals. 

SUMMARY 

In general, emissive semiconductor nanocrystals can be 
used to map the lymphatic system. Mapping of the lym 
phatic system can include real-time mapping of sentinel 
lymph nodes (SLN). In conjunction With the intraoperative 
NIR ?uorescence imaging system, near infrared (NIR) and 
infrared (IR) emission from semiconductor nanocrystals can 
be used to provide a surgeon With light-based, sensitive, 
speci?c, and real-time mapping of sentinel lymph nodes. 
The emissive semiconductor nanocrystals, in combination 
With an intraoperative NIR emission imaging system can 
provide SLN mapping for all types of human solid cancers, 
especially melanoma. 

Traditionally, intraoperative sentinel lymph node (SLN) 
mapping for melanoma and breast cancer is performed using 
a combination of radioactive tracers and blue dyes. Radio 
active tracers, such as Technetium-99m sulfur colloid, emits 
mid-energy (140 keV) gamma rays Within the body. Isos 
ulfan blue, a blue dye (trade name LymphaZurinTM), is used 
at a concentration of about 17 mM to locate the SLN. The 
blue dye requires surgical exploration to ?nd the lymph 
node. Advantageously, emissive semiconductor nanocrys 
tals can be monitored through the skin to identify the 
sentinel node, avoiding or minimiZing surgical exploration. 
In addition, this light-based approach can replace or supple 
ment radioactivity and blue dye tracing, can permit imaging 
of lymph node How in real-time, not just approximate 
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2 
positions given by radioactive tracers, and, because NIR and 
IR light is used, can permit even deep lymph nodes to be 
mapped. The nanocrystals are excited by light, and emit 
light, thereby replacing the need to produce images using 
X-ray technology. 

In one aspect, a lymphatic imaging composition includes 
a particle including a semiconductor nanocrystal having an 
outer layer bonded to the nanocrystal, the particle having a 
diameter betWeen 10 nm and 20 nm. 

In another aspect, a method of imaging a lymphatic 
system of an animal includes introducing a composition 
subcutaneously in the mammal, the composition including a 
particle including a semiconductor nanocrystal, and detect 
ing emission from the particle. The composition can be 
introduced proximate to a tumor site in the animal. Detecting 
emission can include generating an image in the near 
infrared or infrared Wavelength region. The method can 
include generating a composite image including a real-time 
image of an area surrounding the injection site and the image 
in the near-infrared or infrared Wavelength region. The 
particle can have a diameter of betWeen 10 nm and 20 nm. 
The method can include exposing the animal to White light. 
Detecting emission can include monitoring a site of the 
mammal that is protected by skin. 

In another aspect, an imaging system includes a White 
light source capable of being directed at a portion of a 
patient, an imaging composition including a particle includ 
ing a semiconductor nanocrystal, and a detector con?gured 
to monitor emission from the particle in the patient. 
The outer layer can include a polydentate ligand. The 

particle can emit light having a Wavelength greater than 800 
nm. The nanocrystal can include a core of a ?rst semicon 
ductor material and an overcoating of a second semicon 
ductor material on the core Wherein the ?rst semiconductor 
material and the second semiconductor material are selected 
so that, upon excitation, one carrier is substantially con?ned 
to the core and the other carrier is substantially con?ned to 
the overcoating. 

Other features, objects, and advantages Will be apparent 
from the description and draWings, and from the claims. 

DESCRIPTION OF DRAWINGS 

FIG. 1A is a graph depicting measurement of NIR nanoc 
rystal hydrodynamic diameter. 

FIG. 1B is a graph depicting photoproperties of the 
near-infrared nanocrystals. 

FIGS. 2AiD are draWings depicting an experimental 
geometry and nanocrystal performance in scattering and/or 
absorbing media and tissue. 

FIGS. 3AiB are graphs depicting predicted photon trans 
mission properties of biological tissue as a function of 
scatter, H2O to Hb ratio, and thickness. 

FIG. 4 is a graph depicting predicted absorbance of NIR 
and IR semiconductor nanocrystals as a function of tissue 
scatter, H2O to Hb ratio, and thickness. 

FIGS. 5AiB are graphs depicting comparison of NIR and 
IR semiconductor nanocrystal performance as a function of 
tissue scatter, H2O to Hb ratio, and thickness. 

FIG. 6 is a photograph depicting bright ?eld TEM images 
of CdTe/CdSe(core/shell)nanocrystals. 

FIG. 7 is a graph depicting serum stability of OPCA 
coated NIR nanocrystals at 1 uM incubated in 100% fetal 
bovine serum at 37° C. for the time indicated. 

FIG. 8 is a photograph depicting sentinel lymph node 
mapping using NIR emissive nanocrystals. 
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FIG. 9 is a photograph depicting intraoperative sentinel 
lymph node mapping in a pig using NIR emissive nanoc 
rystals. 

FIG. 10 is a photograph depicting intraoperative sentinel 
lymph node mapping in a pig using NIR emissive nanoc 
rystals. 

DETAILED DESCRIPTION 

It is Well knoWn from the literature that particle siZe is a 
key determinant for SLN mapping. The radiopharmaceuti 
cals Which have been most Widely used in identifying SLN 
drainage patterns in patients With cutaneous melanoma and 
breast cancer include: Technetium-99m sulfur colloid, Tech 
netium-99m antimony sul?de, Technetium-99m nanocol 
loid, and Technetium-99m human serum albumin. The 
major differences betWeen these agents are the siZe of the 
colloid particles or albumin molecules. Since the rate of 
colloid transport through lymphatics is a function of colloid 
particle siZe, this is a critical factor for performance of 
lymph scintigraphy. The largest particles (>200 nm) simply 
remain at the injection site, and the smallest (<5 nm) rapidly 
partition into the bloodstream. Particles betWeen 5 to 10 nm 
in siZe enter the lymphatics rapidly, but spread to numerous 
nodes. 

Sentinel lymph node localiZation depends on a small 
fraction of the injected isotope dose (perhaps 1%) migrating 
consistently to relatively feW regional nodes. The optimal 
particle siZe can be betWeen 10 and 50 nm. Both Techne 
tium-99m antimony sul?de colloid and nanocolloid of albu 
min labeled With Technetium-99m, have excellent retention 
in SLNs, and have been used speci?cally for lymphoscin 
tigraphy in humans. Antimony sul?de colloid has particles 
of relatively uniform siZe, most With diameters in the 1(L15 
nm range. Antimony sul?de colloid particles are an ideal 
siZe to pass freely into the lymphatic capillaries via the 
10425 nm clefts betWeen overlapping cells and the intercel 
lular gaps, Which can be considerably larger than this. These 
particles migrate rapidly through the lymphatic channels to 
the SLN, yet are retained in the SLN for up to 24 hours. 
Patent blue vital dye spreads rapidly to the SLN, but also 
passes freely into the bloodstream, giving a bluish tinge to 
skin and urine for several days. In fact, during surgery and 
the recovery phase, patients have exceptionally pale, blue 
green colored skin. 

Based on theoretical modeling described beloW, the tWo 
best emission Wavelengths for in vivo imaging With nanoc 
rystals are 7204900 nm (NIR nanocrystals) and 125(L400 
nm (IR nanocrystals). To create NIR nanocrystals of 860 nm 
peak emission Wavelength, a type II heterostructure can be 
used. The core can be CdTe and the shell can be CdSe. The 
color of the ?uorescence of these type II nanocrystals is 
determined by the band o?fsets betWeen the core and the 
shell. Tuning the core siZe and shell thickness alloWs for 
tunable emission in the 80(L900 nm range. The emissive 
semiconductor nanocrystals approximately 15420 nm in 
hydrodynamic diameter, and have proven by gel ?ltration 
(see FIG. 1A) that they are, indeed, of this siZe. In FIG. 1A, 
gel ?ltration on Sephacryl S-300 resin Was used in conjunc 
tion With MW standards (shoWn) to determine the effective 
hydrodynamic diameter of NIR nanocrystals. Diameter of 
the nanocrystals Was approximately 15420 nm, and the 
Width of the peak (indicative of siZe variation in the prepa 
ration) is close to that of albumin. Other applications of 
semiconductor nanocrystals for imaging are described in 
co-pending application ?led Mar. 4, 2003, entitled, “Mate 
rials and methods for near-infrared and infrared intravascu 
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4 
lar imaging,” U.S. Ser. No. 60/451,247, Which is incorpo 
rated by reference in its entirety. 
One surgical procedure during Which radiation is used 

routinely is sentinel lymph node (SLN) mapping and biopsy. 
The underlying hypothesis of SLN mapping is that the ?rst 
lymph node to receive lymphatic drainage from a tumor site 
Will shoW tumor if there has been lymphatic spread. SLNs 
can be identi?ed using radio-guided lymphatic mapping 
and/or by visualiZation of the nodes With vital blue dyes. 
Histopathological evaluation of SLNs provides accurate 
staging of cancer, and can guide regional and systematic 
treatment. Importantly, for breast cancer, axillary node dis 
section and its associated morbidity can be avoided in 
patients Whom the SLN is negative histologically. Another 
bene?t of SLN mapping is that it affords excellent regional 
control in the patient With palpable tumor-containing nodes. 
This light-based approach can replace radioactivity and blue 
dyes, can permits imaging of lymph node ?oW in real-time, 
not just approximate positions given by radioactive tracers, 
and can permits even deep lymph nodes to be mapped by 
monitoring emitted NIR or IR Wavelength ranges. 

Fluorescent semiconductor nanocrystals are excellent 
contrast agents for biomedical assays and imaging. Aunique 
property of semiconductor nanocrystals is that their absor 
bance increases With increasing separation betWeen excita 
tion and emission Wavelengths. Much of the enthusiasm for 
using semiconductor nanocrystals in vivo stems from this 
property, since photon yield should be proportional to the 
integral of the broadband absorption. Tissue scatter and 
absorbance can sometimes o?fset increasing semiconductor 
nanocrystal absorption at bluer Wavelengths, and counteract 
this potential advantage. By using a previously validated 
mathematical model, the effects of tissue absorbance, tissue 
scatter, Wavelength dependence of the scatter, Water to 
hemoglobin ratio, and tissue thickness on semiconductor 
nanocrystal performance Were explored. When embedded in 
biological ?uids and tissues, semiconductor nanocrystal 
excitation Wavelengths can be quite constrained, and that 
excitation and emission Wavelengths should be selected 
carefully based on the particular application. Near-infrared 
semiconductor nanocrystals optimiZed for imaging systems 
With White light excitation and a silicon CCD camera Were 
produced and used to image the sentinel lymph node in real 
time. Emissive ?uorescent semiconductor nanocrystal con 
trast agents optimiZed for speci?c biomedical applications. 

Semiconductor nanocrystals are inorganic ?uorophores 
that are currently being investigated for use as luminescent 
biological probes due to their nanometer dimensions and 
unique optical properties. Compared to conventional ?uo 
rophores and organic dyes, semiconductor nanocrystals have 
a number of attractive characteristics including high absorp 
tion cross-section, broadband absorption that increases at 
bluer Wavelengths, relatively narroW and symmetric lumi 
nescence bands, simultaneous excitation of semiconductor 
nanocrystals with different emission Wavelengths using a 
single excitation Wavelength, and potentially high resistance 
to photo-degradation. Although the synthesis of semicon 
ductor nanocrystals is performed in organic solvents, vari 
ous surface chemistries can impart aqueous solubility and 
permit conjugation to biomolecules such as proteins, oligo 
nucleotides, antibodies, and small molecule ligands. Such 
“targeted” semiconductor nanocrystals have been reported 
as contrast agents for nucleic acid hybridiZation, cellular 
imaging, immunoassays, and recently, tissue-speci?c hom 
ing in vivo. See, for example, BrucheZ et al., Science 
2811201342016 (1998); Chan and Nie, Science 
2811201642018 (1998); Mattoussi et al., J. Am. Chem. Soc. 
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12112142412150 (2000); Klarreich, Nature 413:45(%452 
(2001); Chan et al., Curr Opin Biotechnol 13140416 (2002); 
Wu et al., “Immuno?uorescent labeling of cancer marker 
Her2 and other cellular targets With semiconductor quantum 
dots,” Nature Biotechnol., published online Dec. 2, 2002 
doi: 10.1038/nbt764; Dubertret et al., Science 
2981175941762 (2002); Pathak et al., J. Am. Chem. Soc. 
1231410344104 (2001); Gerion et al., J. Am. Chem. Soc. 
124:707(%7074 (2002); Goldman et al., J. Am. Chem. Soc. 
1241637846382 (2002); Goldman et al., Anal. Chem. 
74:8414847 (2002); Rosenthal et al., J. of the Am. Chem. 
Soc. 1241458641594 (2002); Akerman et al., Proc. Natl. 
Acad. Sci. USA 9912617412621 (2002); and JaisWal et al., 
“Long-term multiple color imaging of live cells using quan 
tum dot bioconjugates,” Nature Biotechnol., published 
online Dec. 2, 2002 doi: 10.1038/nbt767, each of Which is 
incorporated by reference in its entirety. 

Another potential application of semiconductor nanocrys 
tals is as ?uorescent contrast agents for biomedical imaging. 
However, in vivo applications, and especially re?ectance 
?uorescence imaging (the impetus for this study), require 
deep photon penetration into and out of tissue. In living 
tissue, total photon attenuation is the sum of attenuation due 
to absorbance and scatter. Scatter describes the deviation of 
a photon from the parallel axis of its path, and can occur 
When the tissue inhomogeneity is small relative to Wave 
length (Rayleigh-type scatter), or roughly on the order of 
Wavelength (Mie-type scatter). For inhomogeneities at least 
ten times less than the Wavelength, Rayleigh-type scatter is 
proportional to the reciprocal 4”’ power of Wavelength. In 
living tissue, photon scatter is the result of multiple scatter 
ing events, and in general terms can be considered either 
dependent on Wavelength or independent of Wavelength. For 
example, in rat skin, scatter is proportional to 7C2'8, sug 
gesting strong Wavelength-dependence, hoWever, in post 
menopausal human breast, scatter is proportional to 7CO'6, 
suggesting Weak Wavelength-dependence. See, for example, 
Zaheer et al., Nature Biotechnol. 191114841154 (2001); 
Nakayama et al., “Functional near-infrared ?uorescence 
imaging for cardiac surgery and targeted gene therapy,” 
Molecular Imaging (2002); Cheong et al., IEEE J. Quantum 
Electronics 26:216642195 (1990); and Cerussi et al., Acad. 
Radial. 812114218 (2001), each of Which is incorporated by 
reference in its entirety. 

Given the relatively loW absorbance and scatter of living 
tissue in the near-infrared (N IR; 700 nm to 1000 nm) region 
of the spectrum, considerable attention has focused on NIR 
?uorescence contrast agents. For example, conventional 
NIR ?uorophores With peak emission betWeen 700 nm and 
800 nm have been used for in vivo imaging of protease 
activity, somatostatin receptors, sites of hydroxylapatite 
deposition, and myocardial vascularity, to name a feW. To 
date, hoWever, a systematic analysis of hoW tissue optical 
properties might affect semiconductor nanocrystal perfor 
mance in vivo, and Whether infrared (IR), rather than NIR, 
Wavelengths could potentially improve overall photon yield, 
has not been presented. A previously described mathemati 
cal model Was used to predict hoW various tissue charac 
teristics will affect semiconductor nanocrystal performance 
in vivo, and this model Was used to select optimal semicon 
ductor nanocrystal excitation and emission Wavelengths for 
various imaging applications. Based on these results, a 
particular NIR semiconductor nanocrystal Was synthesized 
and used in real-time in vivo imaging. See, for example, 
Zaheer et al., Nature Biotechnol. 191114841154 (2001); 
Nakayama et al., “Functional near-infrared ?uorescence 
imaging for cardiac surgery and targeted gene therapy,” 
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Molecular Imaging (2002); Weissleder, Nature Biotechnol. 
19131647 (2001); Weissleder et al., Nature Biotechnol. 
1713754378 (1999); Becker et al., Nature Biotechnol. 
19:327431 (2001); and Bugaj et al., J. Biomed. Opt. 
61122433 (2001); Gardner et al., Lasers Surg. Med. 
181129438 (1996), each of Which is incorporated by refer 
ence in its entirety. 

Nanocrystal cores can be prepared by the pyrolysis of 
organometallic precursors in hot coordinating agents. See, 
for example, Murray, C. B., et al., J. Am. Chem. Soc. 1993, 
115, 8706, and Mikulec, F., PhD. Thesis, MIT, Cambridge, 
1999, each of Which is incorporated by reference in its 
entirety. GroWth of shell layers on the bare nanocrystal cores 
can be carried out by simple modi?cations of conventional 
overcoating procedures. See, for example, Peng, X., et al., J. 
Am. Chem. Soc. 1997, 119, 7019, Dabbousi, B. 0., et al., J. 
Phys. Chem. B 1997, 101, 9463, and Cao, Y. W. and Banin 
U. AngeW. Chem. Int. Edit. 1999, 38, 3692, each of Which 
is incorporated by reference in its entirety. 
A coordinating agent can help control the groWth of the 

nanocrystal. The coordinating agent is a compound having a 
donor lone pair that, for example, has a lone electron pair 
available to coordinate to a surface of the groWing nanoc 
rystal. Solvent coordination can stabiliZe the groWing nanoc 
rystal. Typical coordinating agents include alkyl phosphines, 
alkyl phosphine oxides, alkyl phosphonic acids, or alkyl 
phosphinic acids, hoWever, other coordinating agents, such 
as pyridines, furans, and amines may also be suitable for the 
nanocrystal production. Examples of suitable coordinating 
agents include pyridine, tri-n-octyl phosphine (TOP) and 
tri-n-octyl phosphine oxide (TOPO). Technical grade TOPO 
can be used. 
The outer surface of the nanocrystal can include a layer of 

compounds derived from the coordinating agent used during 
the groWth process. The surface can be modi?ed by repeated 
exposure to an excess of a competing coordinating group to 
form an overlayer. For example, a dispersion of the capped 
nanocrystal can be treated With a coordinating organic 
compound, such as pyridine, to produce crystallites Which 
disperse readily in pyridine, methanol, and aromatics but no 
longer disperse in aliphatic solvents. Such a surface 
exchange process can be carried out With any compound 
capable of coordinating to or bonding With the outer surface 
of the nanocrystal, including, for example, phosphines, 
thiols, amines and phosphates. The nanocrystal can be 
exposed to short chain polymers Which exhibit an a?inity for 
the surface and Which terminate in a moiety having an 
a?inity for a suspension or dispersion medium. Such a?inity 
improves the stability of the suspension and discourages 
?occulation of the nanocrystal. 

Monodentate alkyl phosphines (and phosphine oxides, the 
term phosphine beloW Will refer to both) can passivate 
nanocrystals e?iciently. When nanocrystals With conven 
tional monodentate ligands are diluted or embedded in a 
non-passivating environment (ie one Where no excess 
ligands are present), they tend to lose their high lumines 
cence and their initial chemical inertness. Typical are an 
abrupt decay of luminescence, aggregation, and/or phase 
separation. In order to overcome these limitations, polyden 
tate ligands can be used, such as a family of polydentate 
oligomeriZed phosphine ligands. The polydentate ligands 
shoW a high a?inity betWeen ligand and nanocrystal nanoc 
rystal surface. In other Words, they are stronger ligands, as 
is expected from the chelate effect of their polydentate 
characteristics. Oligomeric phosphines have more than one 
binding site to the nanocrystal surface, Which ensures their 
high a?inity to the nanocrystal surface. See, for example, for 
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example, U.S. Ser. No. 10/641,292, ?ledAug. 15, 2003, and 
Us. Ser. No. 60/403,367, ?ledAug. 15, 2002, each ofWhich 
is incorporated by reference in its entirety. The oligomeric 
phosphine can be formed from a monomeric, polyfunctional 
phosphine, such as, for example, trishydroxypropylphos 
phine, and a polyfunctional oligomeriZation reagent, such 
as, for example, a diisocyanate. The oligomeric phosphine 
can be contacted With an isocyanate of formula R'-L-NCO, 
Wherein L is CfC24 alkylene, and R' has the formula 

R' has the formula 

0 

|| 

or R' is hydrogen, Wherein R“ is hydrogen or Cl£4 alkyl. 
Bioconjugation to the outer surface of nanocrystals can be 

accomplished. For example, nanocrystals With oligomeric 
phosphine With carboxylic acid can be coupled to amine 
derivatiZed biomolecules via carbodiimide couplings using 
EDC(1 -ethyl-3 -(3 -dimethylaminopropyl)carbodiimide 
hydrochloride). The general coupling reaction is described, 
for example, in Hermanson, G. T. Bioconjugale Techniques 
1996 Academic Press, Which is incorporated by reference in 
its entirety. Elecrostatic interactions can be also used as 
thiol-based ligands With carboxylic acid. See, for example, 
Mattoussi, H., et al., J. Am. Chem. Soc. 2000, 122, 12142, 
and Goldman, E. R., et al., 2002 J. Am. Chem. Soc 124, 
6378, each of Which is incorporated by reference in its 
entirety. Nanocrystals With small oligomeric phosphine can 
be coupled to many biomolecules using carbonyldiimida 
Zole or epichlorohydrin. See, for example, Pathak S., et al., 
2001 J. Am. Chem. Soc 123, 4103, and Hermanson, G. T. 
Bioconjugale Techniques 1996 Academic Press, each of 
Which is incorporated by reference in its entirety. 

The nanocrystal can be a member of a population of 
nanocrystals having a narroW siZe distribution. The nanoc 
rystal can be a sphere, rod, disk, or other shape. The 
nanocrystal can include a core of a semiconductor material. 
The nanocrystal can include a core having the formula MX, 
Where M is cadmium, Zinc, magnesium, mercury, aluminum, 
gallium, indium, thallium, or mixtures thereof, and X is 
oxygen, sulfur, selenium, tellurium, nitrogen, phosphorus, 
arsenic, antimony, or mixtures thereof. 

The semiconductor forming the core of the nanocrystal 
can include Group ll-Vl compounds, Group ll-V com 
pounds, Group lll-Vl compounds, Group Ill-V compounds, 
Group lV-Vl compounds, Group l-lll-Vl compounds, Group 
ll-lV-Vl compounds, and Group ll-lV-V compounds, for 
example, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, 
HgTe, AlN, AlP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, 
lnN, lnP, lnAs, lnSb, TlN, TlP, TlAs, TlSb, PbS, PbSe, PbTe, 
or mixtures thereof. 

The quantum efficiency of emission from nanocrystals 
having a core of a ?rst semiconductor material be enhanced 
by applying an overcoating of a second semiconductor 
material such that the conduction band of the second semi 
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8 
conductor material is of higher energy than that of the ?rst 
semiconductor material, and the valence band of the second 
semiconductor material is of loWer energy than that of the 
?rst semiconductor material. As a result, carriers, i.e., elec 
trons and holes, are con?ned in the core of the nanocrystal. 
The core can have an overcoating on a surface of the core. 
The overcoating can be a semiconductor material having a 
composition different from the composition of the core, and 
can have a band gap greater than the band gap of the core. 
The overcoat of a semiconductor material on a surface of the 
nanocrystal can include a Group ll-Vl compounds, Group 
ll-V compounds, Group Ill-V1 compounds, Group Ill-V 
compounds, Group lV-Vl compounds, Group l-lll-Vl com 
pounds, Group ll-lV-Vl compounds, and Group ll-lV-V 
compounds, for example, ZnS, ZnSe, ZnTe, CdS, CdSe, 
CdTe, HgS, HgSe, HgTe, AlN, AlP, AlAs, AlSb, GaN, GaP, 
GaAs, GaSb, GaSe, lnN, lnP, lnAs, lnSb, TlN, TlP, TlAs, 
TlSb, PbS, PbSe, PbTe, or mixtures thereof. 
The emission from the nanocrystal can be a narroW 

Gaussian emission band that can be tuned through the 
complete Wavelength range of the ultraviolet, visible, or 
infrared regions of the spectrum by varying the siZe of the 
nanocrystal, the composition of the nanocrystal, or both. For 
example, CdSe can be tuned in the visible region and lnAs 
can be tuned in the infrared region. 
The population of nanocrystals can have a narroW siZe 

distribution. The population can be monodisperse and can 
exhibit less than a 15% rms deviation in diameter of the 
nanocrystals, preferably less than 10%, more preferably less 
than 5%. Spectral emissions in a narroW range of betWeen 10 
and 100 nm full Width at half max (FWHM) can be 
observed. Semiconductor nanocrystals can have emission 
quantum ef?ciencies of greater than 2%, 5%, 10%, 20%, 
40%, 60%, 70%, or 80%. 

Methods of preparing semiconductor nanocrystals include 
pyrolysis of organometallic reagents, such as dimethyl cad 
mium, injected into a hot, coordinating agent. This permits 
discrete nucleation and results in the controlled groWth of 
macroscopic quantities of nanocrystals. Preparation and 
manipulation of nanocrystals are described, for example, in 
Us. application Ser. No. 08/969,302, incorporated herein by 
reference in its entirety. The method of manufacturing a 
nanocrystal is a colloidal groWth process and can produce a 
monodisperse particle population. Colloidal groWth occurs 
by rapidly injecting an M donor and an X donor into a hot 
coordinating agent. The injection produces a nucleus that 
can be groWn in a controlled manner to form a nanocrystal. 
The reaction mixture can be gently heated to groW and 
anneal the nanocrystal. Both the average siZe and the siZe 
distribution of the nanocrystals in a sample are dependent on 
the groWth temperature. The groWth temperature necessary 
to maintain steady groWth increases With increasing average 
crystal siZe. The nanocrystal is a member of a population of 
nanocrystals. As a result of the discrete nucleation and 
controlled groWth, the population of nanocrystals obtained 
has a narroW, monodisperse distribution of diameters. The 
monodisperse distribution of diameters can also be referred 
to as a siZe. The process of controlled groWth and annealing 
of the nanocrystals in the coordinating agent that folloWs 
nucleation can also result in uniform surface derivatiZation 
and regular core structures. As the siZe distribution sharpens, 
the temperature can be raised to maintain steady groWth. By 
adding more M donor or X donor, the groWth period can be 
shortened. 
An overcoating process is described, for example, in Us. 

application Ser. No. 08/ 969,302, incorporated herein by 
reference in its entirety. By adjusting the temperature of the 
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reaction mixture during overcoating and monitoring the 
absorption spectrum of the core, over coated materials 
having high emission quantum ef?ciencies and narroW siZe 
distributions can be obtained. Alternatively, an overcoating 
can be formed by exposing a core nanocrystal having a ?rst 
composition and ?rst average diameter to a population of 
nanocrystals having a second composition and a second 
average diameter smaller than the ?rst average diameter. 

The M donor can be an inorganic compound, an organo 
metallic compound, or elemental metal. M is cadmium, Zinc, 
magnesium, mercury, aluminum, gallium, indium or thal 
lium. The X donor is a compound capable of reacting With 
the M donor to form a material With the general formula 
MX. Typically, the X donor is a chalcogenide donor or a 
pnictide donor, such as a phosphine chalcogenide, a bis 
(silyl) chalcogenide, dioxygen, an ammonium salt, or a 
tris(silyl) pnictide. Suitable X donors include dioxygen, 
bis(trimethylsilyl)selenide ((TMS)2Se), trialkyl phosphine 
selenides such as (tri-n-octylphosphine)selenide (TOPSe) or 
(tri-n-butylphosphine)selenide (TBPSe), trialkyl phosphine 
tellurides such as (tri-n-octylphosphine)telluride (TOPTe) or 
hexapropylphosphorustriamide telluride (HPPTTe), bis(tri 
methylsilyl)telluride ((TMS)2Te), bis(trimethylsilyl)sul?de 
((TMS)2S), a trialkyl phosphine sul?de such as (tri-n-oc 
tylphosphine)sul?de (TOPS), an ammonium salt such as an 
ammonium halide (e.g., NH4Cl), tris(trimethylsilyl)phos 
phide ((TMS)3P), tris(trimethylsilyl)arsenide ((TMS)3As), 
or tris(trimethylsilyl)antimonide ((TMS)3Sb). In certain 
embodiments, the M donor and the X donor can be moieties 
Within the same molecule. 

The semiconductor nanocrystal can emit light in the near 
infrared (NIR) or infrared (IR) Wavelength regions When 
excited With incident radiation. An example of a semicon 
ductor nanocrystal that emits light in the near infrared or 
infrared Wavelength regions is a semiconductor nanocrystal 
heterostructure, Which has a core of a ?rst semiconductor 
material surrounded by an overcoating of a second semi 
conductor material. The ?rst semiconductor material and 
second semiconductor material are selected so that, upon 
excitation, one carrier is substantially con?ned to the core 
and the other carrier is substantially con?ned to the over 
coating. See, for example, US. Ser. No. 10/641,292, ?led 
Aug. 15, 2003, and US. Ser. No. 60/402,726, ?ledAug. 13, 
2002, each of Which is incorporated by reference in its 
entirety. 

In one example, the conduction band of the ?rst semi 
conductor material is at higher energy than the conduction 
band of the second semiconductor material and the valence 
band of the ?rst semiconductor material is at higher energy 
than the valence band of the second semiconductor material. 
In another example, the conduction band of the ?rst semi 
conductor material is at loWer energy than the conduction 
band of the second semiconductor material and the valence 
band of the ?rst semiconductor material is at loWer energy 
than the valence band of the second semiconductor material. 
These band alignments make spatial separation of the hole 
and the electron energetically favorable upon excitation. 
These structures are type II heterostructures. In contrast, the 
con?gurations in Which the conduction band of the second 
semiconductor material is of higher energy than that of the 
?rst semiconductor material, and the valence band of the 
second semiconductor material is of loWer energy than that 
of the ?rst semiconductor material are type I heterostruc 
tures. The language of type I and type II is borroWed from 
the quantum Well literature Where such structures have been 
extensively studied. 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
Nanocrystals having type II heterostructures have advan 

tageous properties that result of the spatial separation of 
carriers. In some nanocrystals having type II heterostruc 
tures the effective band gap, as measured by the difference 
in the energy of emission and energy of the loWest absorp 
tion features, can be to the red of either of the tWo semi 
conductors making up the structure. By selecting particular 
?rst semiconductor materials and second semiconductor 
materials, and core diameters and overcoating thicknesses, 
nanocrystals having type II heterostructures can have emis 
sion Wavelengths previously unavailable With the semicon 
ductor of the nanocrystal core in previous structures. In 
addition, the separation of charges in the loWest excited 
states of nanocrystals having type II heterostructures can 
make these materials more ef?cient in photovoltaic or pho 
toconduction devices Where the nanocrystals are chro 
mophores and one of the carriers needs to be transported 
aWay from the excitation site prior to recombination. 

Advantageously, a Wide variety of nanocrystals having 
type II heterostructures can be prepared using colloidal 
synthesis. Colloidal synthesis alloWs nanocrystals to be 
prepared With controllable dispersibility imparted from 
coordinating agents, such as ligands, and are prepared in the 
absence of Wetting layers commonly employed in nanoc 
rystals having type II heterostructures prepared by molecular 
beam epitaxy. 
The overcoating can be a semiconductor material having 

a composition different from the composition of the core 
Which is selected to provide a type II heterostructure. The 
overcoat of a semiconductor material on a surface of the 
nanocrystal can include a Group II-VI compounds, Group 
II-V compounds, Group III-VI compounds, Group III-V 
compounds, Group IV-VI compounds, Group 1-III-VI com 
pounds, Group II-IV-VI compounds, and Group II-IV-V 
compounds, for example, ZnS, ZnSe, ZnTe, CdS, CdSe, 
CdTe, HgS, HgSe, HgTe, AlN, AlP, AlAs, AlSb, GaN, GaP, 
GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TlN, TlP, TlAs, 
TlSb, PbS, PbSe, PbTe, or mixtures thereof. For example, 
ZnS, ZnSe or CdS overcoatings can be groWn on CdSe or 
CdTe nanocrystals. 

SiZe distribution during the groWth stage of the reaction 
can be estimated by monitoring the absorption line Widths of 
the particles. Modi?cation of the reaction temperature in 
response to changes in the absorption spectrum of the 
particles alloWs the maintenance of a sharp particle siZe 
distribution during groWth. Reactants can be added to the 
nucleation solution during crystal groWth to groW larger 
crystals. By stopping groWth at a particular nanocrystal 
average diameter, a population having an average nanocrys 
tal diameter of less than 150 A can be obtained. Apopulation 
of nanocrystals can have an average diameter of 15 A to 125 

The particle siZe distribution can be further re?ned by siZe 
selective precipitation With a poor solvent for the nanocrys 
tals, such as methanol/butanol as described in US. applica 
tion Ser. No. 08/969,302, incorporated herein by reference in 
its entirety. For example, nanocrystals can be dispersed in a 
solution of 10% butanol in hexane. Methanol can be added 
dropWise to this stirring solution until opalescence persists. 
Separation of supernatant and ?occulate by centrifugation 
produces a precipitate enriched With the largest crystallites 
in the sample. This procedure can be repeated until no 
further sharpening of the optical absorption spectrum is 
noted. SiZe-selective precipitation can be carried out in a 
variety of solvent/nonsolvent pairs, including pyridine/hex 
ane and chloroform/methanol. The siZe-selected nanocrystal 
population can have no more than a 15% rms deviation from 
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mean diameter, preferably 10% rms deviation or less, and 
more preferably 5% rms deviation or less. 

Transmission electron microscopy (TEM) can provide 
information about the siZe, shape, and distribution of the 
nanocrystal population. PoWder x-ray diffraction (XRD) 
patterns can provided the most complete information regard 
ing the type and quality of the crystal structure of the 
nanocrystals. Estimates of siZe are also possible since par 
ticle diameter is inversely related, via the X-ray coherence 
length, to the peak Width. For example, the diameter of the 
nanocrystal can be measured directly by transmission elec 
tron microscopy or estimated from x-ray diffraction data 
using, for example, the Scherrer equation. It also can be 
estimated from the UV/Vis absorption spectrum. 

The nanocrystal can be incorporated into composition, 
such as an injectable preparation that can include an accept 
able diluent, or a sloW release matrix in Which the nanoc 
rystal is imbedded. The composition can be provided in a 
container, pack, or dispenser together With instructions for 
administration. The composition can be formulated in accor 
dance With their intended route of administration. Accept 
able routes include oral or parenteral routes (e.g., intrave 
nous, intradermal, transdermal (e.g., subcutaneous or 
topical), or transmucosal (i.e., across a membrane that lines 
the respiratory or anogenital tract). The compositions can be 
formulated as a solution or suspension and, thus, can include 
a sterile diluent (e.g., Water, saline solution, a ?xed oil, 
polyethylene glycol, glycerine, propylene glycol or another 
synthetic solvent); an antimicrobial agent (e.g., benZyl alco 
hol or methyl parabens; chlorobutanol, phenol, ascorbic 
acid, thimerosal, and the like); an antioxidant (e.g., ascorbic 
acid or sodium bisul?te); a chelating agent (e.g., ethylene 
diaminetetraacetic acid); or a buffer (e.g., an acetate-, cit 
rate-, or phosphate-based buffer). When necessary, the pH of 
the solution or suspension can be adjusted With an acid (e. g., 
hydrochloric acid) or a base (e.g., sodium hydroxide). 
Proper ?uidity (Which can ease passage through a needle) 
can be maintained by a coating such as lecithin, by main 
taining the required particle siZe (in the case of a dispersion), 
or by the use of surfactants. The body can be an animal (e.g., 
a rabbit, mouse, guinea pig, rat, horse, coW, pig, dog, cat or 
human). 
Materials and Methods 

Animals. Animals Were used in accordance With an 
approved institutional protocol. Male Sprague-DaWley rats 
Were from Charles River Laboratories (Wilmington, Mass.). 
Hairless athymic nu/nu mice Were from Taconic (German 
toWn, N.Y.). Rats and mice Were anesthetiZed With 65 mg/kg 
and 50 mg/kg intraperitoneal pentobarbital, respectively. 

Reagents. Sterile lntralipidTM (20%) Was purchased from 
Baxter (Deer?eld, 111.). Water Was puri?ed on a Milli-Q 
system (Millipore, Bedford, Mass.). Olive oil Was from 
Filippo Berio (Viareggio, Italy). Oxyhemoglobin (OxyHb) 
Was prepared from normal human donors as described in 
Drabkin, J. Biol. Chem. 1647034723 (1946), Which is 
incorporated by reference in its entirety. Deoxyhemoglobin 
(DeoxyHb) Was prepared by treatment of OxyHb With 1% 
sodium dithionite (Sigma, St. Louis, Mo.). Albumin, Cohn 
Fraction V Was also from Sigma. All solutions except 
lntralipid Were ?ltered through 0.2 pm ?lters (Millipore) 
prior to use to eliminate scatter. Trioctylphosphine oxide 
(TOPO), selenium shot, and tellurium shot Were from Alfa 
Aesar (Ward Hill, Mass.). Trioctylphosphine (TOP) Was 
from Fluka (St. Louis, Mo.). Hexadecylamine (HDA) Was 
from Aldrich (St. Louis, Mo.). All other reagents Were 
purchased from Fisher Scienti?c (Hanover Park, 111.). 
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Preparation of Aqueous Soluble CdTe(CdSe) core(shell) 

semiconductor nanocrystals. The CdTe(CdSe) composition 
included a core of cadmium telluride (CdTe) and a thin shell 
of cadmium selenide (CdSe). Unless otherWise noted, all 
reactions Were carried out in a dry nitrogen atmosphere 
using a glove box or standard Schlenk techniques. Precipi 
tated CdTe nanocrystals Were dispersed in a mixture of 
trioctylphosphine(TOPO, Alfa, 90%) and trioctylphosohine 
(TOP, Fluka, 90%), and dried under vacuum at 140° C. 
Overcoating stock solutions Were prepared by combining a 
1:1 molar stoichiometry of dimethylcadmium (Strem, 97%) 
and bis-(trimethylsilyl)selenide in trioctylphosphine (TOP, 
Fluka, 90%). The CdTe TOPO and TOP mixture Was vig 
orously stirred and heated to 100° C., the prepared over 
coating stock solution Was then added sloWly dropWise. The 
reaction mixture Was stirred for 3 hours at 100° C. The 
formation of small CdSe nanocrystals (informally called 
“magic siZe” nanocrystals, With a peak absorbance at ~410 
nm) Was monitored by optical spectroscopy. The reaction 
temperature is raised to 200° C. and kept stirred until the 
CdSe shell groWth is completed. The small “magic siZe” 
CdSe nanocrystals fused onto the CdTe nanocrystal core 
surface, forming a CdSe shell. This process Was folloWed by 
optical spectroscopy (FIG. 1B), transmission electron 
microscopy (TEM) (FIG. 6), and photoluminescence life 
time measurements. The region circled on the left image has 
been magni?ed, and shoWn on the right. TEM instrument 
JEOL 2000 Was operated at 200 kV. The CdSe shell forma 
tion step took up to a feW days. In FIG. 1B, CdTe(CdSe) 
core(shell) semiconductor nanocrystals With peak ?uores 
cent emission at 860 nm Were prepared and resuspended in 
PBS at a concentration of 1 uM. Extinction coefficient is 
shoWn on the left axis (thick solid line) and photolumines 
cence (500 nm excitation) is shoWn on the right axis (dashed 
line), both as a function of Wavelength. 

Extensive characterization of such semiconductor nanoc 
rystals using transmission electron microscopy (TEM), 
x-ray diffraction and ?uorescence lifetime measurements 
shoW that the structure is consistent With the core consisting 
of CdTe and a shell of CdSe. See, for example, for example, 
US. Ser. No. 09/732,013, ?led Dec. 8, 2000, US. Ser. No. 
60/402,726, ?led Aug. 13, 2002, and US. Ser. No. 10/638, 
546, ?led Aug. 12, 2003, each of Which is incorporated by 
reference in its entirety. 
The semiconductor nanocrystals Were dispersed in Water 

by exchanging the organic caps With oligomeric phosphines 
derivatiZed With carboxylic acid (OPCA) as folloWs. See, for 
example, US. Ser. No. 60/403,367, ?led Aug. 15, 2002, 
Which is incorporated by reference in its entirety. The 
semiconductor nanocrystal sample Was re-dispersed in chlo 
roform. A Water solution of OPCA Was introduced, forming 
a bilayer. This mixture Was sonicated until all the semicon 
ductor nanocrystals Were transferred to the aqueous phase, 
as determined by the transfer of color from the organic phase 
to the aqueous phase. Excess OPCA Was removed by 
dialysis. Concentration Was determined as described in 
Leatherdale et al., J. Phys. Chem. B. 1061761947622 (2002), 
Which is incorporated by reference in its entirety. 

Nanocrystals Were synthesiZed in organic solvents and are 
not usually soluble in aqueous environments. To make 
soluble, a coating has to be used. The particular coating used 
in this invention is a polydentate phosphine ligand (OPCA). 
Example of a Procedure for SynthesiZing OPCA and 

Ligand Exchange: 
Synthesis of the OPCA ligand: 8.00 g Trishydroxypropy 

lphosphine (THPP, Strem, 90%) Was dissolved in 20.0 g 
Dimethylformamide (DMF, Aldrich, 99.8%). 4.54 g Diiso 
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cyanatohexane (DIH, Aldrich, 98%) Was added dropWise at 
room temperature, While the solution Was vigorously stirred. 
The solution Was stirred for a day after completion of the 
addition. 19.35 g Ethylisocyanatoacetate (EIA, Aldrich, 
95%) Was added dropWise at room temperature, and kept 
stirred for a day. The solvent and excess EIA are removed at 
100° C. in vacuo. 

Ligand-exchange of CdTe/ CdSe(core/ shell) QDs With oli 
gomeric phosphine ligands: A CdTe/CdSe(core/shell) 
nanocrystal poWder free of excess TOPO or TOP Was 
obtained by previously described nonsolvent-precipitation 
methods. Anhydrous methanol Was used for the nonsolvent, 
and the poWder is collected after centrifugation. 100 mg 
CdTe/CdSe(core/shell) nanocrystals, 3.0 g oligomeric phos 
phine ligands, ~10 mL anhydrous Tetrahydrofuran (THF), 
and ~2 mL N,N-dimethylformamide(DMF) Were rigorously 
mixed together. The amounts of THF and DMF Were chosen 
so as to make the solution homogeneous. The solution Was 
stirred for an hour. The solvents (THF and DMF) Were 
removed at 100° C. in vacuum. The remaining viscous 
mixture solution Was kept at 120° C. for 3 hours, and cooled 
to room temperature. 

Hydrolysis of the Oligomeric Phosphine Ligand and 
Puri?cation: 

To the sample prepared by above, 50 mL 1.0M sodium 
hydroxide (NaOH) aqueous solution Was added. A stir bar 
Was placed at the interface betWeen the viscous nanocrystal 
solution and the NaOH solution and stirred vigorously at 
room temperature. The stirring Was continued until the 
mixture Was no longer phase separated and became a 
slightly turbid dark broWn color. The solution Was passed 
through 0.2 uM pore-sized ?lters and a ?ltered clear solution 
Was obtained. The solvent Was exchanged to a PBS bulfer by 
continuous dia?ltration using 50K nominal molecular 
Weight limit membranes. 

Tissue Preparation. Human Whole blood Was collected 
directly into a purple top (EDTA) clinical specimen tube and 
stored at 4° C. Where indicated, it Was diluted in phosphate 
bu?fered saline, pH 7.4 (PBS) supplemented With 5 mM 
EDTA (to prevent clotting). Skin Was prepared by surgical 
excision and bathed in ice cold PBS. Specimens Were used 
Within 3 hours of collection. 

Absorbance Measurements. Pairs of optically matched 
1.0 cm or 0.05 cm cuvettes (Spectrocell, Oreland, Pa.) Were 
used on a Model 5 (Varian-Cary, Palo Alto, Calif.) scanning 
spectrophotometer equipped With deuterium and tungsten 
lamps. Absorbance Wavelength scans from 400 nm to 2000 
nm, at a resolution of 1 nm, Were performed on Water (air 
blank), lipid (olive oil; air blank), OxyHb in PBS, DeoxyHb 
in PBS, and protein (albumin) in PBS (PBS blank). Five 
individual scans Were averaged prior to calculation of the 
extinction coe?icient at each Wavelength. Measured values 
matched closely those described in ConWay et al., Am. J. 
Clin. Null: 40:1123*1130 (1984); and Kuenstner et al., 
Biospeclroscopy 3:225i232 (1997), Which is incorporated 
by reference in its entirety. 

Scanning Spectro?uorometry. Fluorescence excitation 
and emission scans Were performed on a SPEX Fluorolog-2 
spectro?uorometer (Jobin Yvon Horiba, Edison, N.J.) 
equipped With a R928 photomultiplier tube. To preserve 
high quantum yield (QY), non-OPCA treated semiconductor 
nanocrystals Were diluted to 1 uM in hexane and placed in 
a 1 cm path length cuvette sandWiched by different in vivo 
simulating media, or tissue, as shoWn in FIG. 2A, in Which 
the illumination/detection geometry of spectrophotometer 
experiments is shoWn. Excitation light (KEX) Was a single, 
thin collimated beam propagating through optically thin 
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14 
tissue. Semiconductor nanocrystals at the given concentra 
tion Were beloW the tissue and absorb the net excitation 
photons. Depending on the quantum yield of the semicon 
ductor nanocrystals, ?uorescent light (LEM) Was emitted and 
propagated out through the same thickness of tissue. The 
detector Was placed at 900 relative to the excitation light 
beam. 

Modeling semiconductor nanocrystal Performance during 
In Vrvo Imaging. To describe light propagation through 
tissue, the geometry shoWn in FIG. 3A Was assumed and 
adapted a previously described analytical solution to the 
diffusion equation. See, for example, Gardner et al., Lasers 
Surg. Med. 18:129*38 (1996), Which is incorporated by 
reference in its entirety. Brie?y, for a given ?uence rate, the 
local rate of energy absorption by semiconductor nanocrys 
tals (R A in mW/cm3) can be expressed by the extinction (or 
absorption) coe?icient of semiconductor nanocrystals at the 
excitation Wavelength (KEX) as (uQDS(7»Ex)(cm_l)) and the 
spatial distribution of the light energy ?uence rate (|)(Z, KEX) 
in mW/cm2, Where Z represents depth in the tissue: 

Wher IJ'QDS(}\"EX):'EQDS(}\'EX)"CSZMiCOVIdZlCtOV nanocrystals’ EQDs 
(KEX) 1s the ext1nct1on coe?icrent per mole of semrconductor 

nanocrystals and csemic'onductor nanocrystals IS the m'olar 
concentratron of semrconductor nanocrystals. S1nce 

cs'emiconductor nano'crystals dld not a?e'ct of results 
discussed beloW, 1t Was held constant 1n all s1mulat1ons. The 
?uence rate (|)(Z, KEX) is given by: 

Where E0(mW/cm2) is the incident ?uence rate (for all 
simulations, E0 was held constant at 50 mW/cm2 at each 
Wavelength), and 6 is the effective penetration depth, de?ned 
from diffusion theory as: 

1 

Where 

6: 

Here, ua(7t)(cm_l) and u's(7t)(cm_l) represent the total 
tissue absorption and reduced scattering coe?icients, respec 
tively, and ua,l-(7t)(M_lcm_l) and u'S,l-(7»)(M_lcm_1) represent 
the absorption and scatter coe?icients, respectively, of indi 
vidual biomolecules at the particular excitation or emission 
Wavelength, and at a concentration cl-(M), Which comprise 
the tissue. Values for pa of Water, lipid, DeoxyHb, OxyHb, 
and protein Were measured as described above. The rela 
tionship betWeen scattering coe?icient and Wavelength (7») 
can be empirically described as folloWs: H'SOQIDCP, Where 
J is related to the scattering density and P is the scatter poWer 
coe?icient. See, for example, Mourant et al., Appl. Opt. 
36: 9494957 (1997), Which is incorporated by reference in its 
entirety. The parameters D1, k1, D2, k2 (and D3, k3, see 
beloW) depend solely upon di?‘use re?ectance, Rd, aspects of 
Which have been previously investigated through Monte 
Carlo simulations (see, Gardner et al., Lasers Surg. Med. 
18:129A138 (1996)): 
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k2:1.59exp(3.36Rd) 

For simplicity, the refractive index of tissue Was assumed 
to be 1.33 as for all simulations. The value of R d depends on 
the absorption coefficient of the tissue and the effective path 
length that photons travel in the tissue, and can be approxi 
mated as a function of N', de?ned as the ratio of reduced 
scattering coe?icient to absorption (p.11 pa). The di?‘use 
re?ectance, Rd, from the surface of a semi-in?nite medium 
is approximated by the expression (see, Jacques, Vol. 1999, 
Oregon Medical Laser Center NeWs (1999), Which is incor 
porated by reference in its entirety): 

A wow/u] 
Where 

A = 6.3744+ 0.35688 exp (ln(N’)/3.4739) 

The factor A 6 equals the apparent path length L for 
photon attenuation due to the absorption coe?icient. A is 
approximately 7*8 for most soft tissues. See, Jacques, Vol. 
1999, Oregon Medical Laser Center NeWs (1999). These 
analytical expressions have accuracy comparable to Monte 
Carlo simulations over an essentially unrestricted range of 
diffuse re?ectance values. See Gardner et al., Lasers Surg. 
Med. 18:129*38 (1996). The rate of semiconductor nanoc 
rystal emission (RE in mW/cm3) is given by: 

Where QY(}\,EM) represents the QY of semiconductor 
nanocrystals at the emission Wavelength (LEM). G(Z, LEM) or 
the escape function, Which describes the exponential decay 
of emitted light from an isotropic point source at depth Z 
(see, Gardner et al., Lasers Surg. Med. 18:129*38 (1996)), 
is given by: 

Where: 

In the case of broadband excitation light, the source and 
excitation spectrum must be integrated over all incident 
Wavelengths. Thus, the above equation can be re-Written as 
folloWs: 

The light intensity of R A or RE at any one Wavelength can 
be converted to number of photons per cm3 (N A, E) by the 
folloWing formula: 

RAE 

If desired, the geometry of the semiconductor nanocrystal 
source can be used to convert N A ,E into units of mW/cm2. 
These equations, along With the attenuation curves for Water, 
lipid, OxyHb, DeoxyHb, and protein Were incorporated into 
an Excel 98 spreadsheet (Microsoft, Redmond, Wash.) for 
rapid analysis of model variables. The model is available 
from the authors as an Excel spreadsheet. 
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16 
In Vivo NIR Fluorescence Imaging. Imaging Was per 

formed as described in Nakayama et al., “Functional near 
infrared ?uorescence imaging for cardiac surgery and tar 
geted gene therapy,” Molecular Imaging (2002), except no 
laser Was used, and only a single 150 W halogen light source 
illuminated the surgical ?eld. A combination of hot mirrors 
and band pass ?lters (Chroma, Brattleboro, Vt.) produced 
broadband excitation light of 400 nm to 700 nm at a total 
?uence rate of 2.0 mW/cm2. A 740 dcxr dichroic mirror (740 
nm center point) and model D770/50 emission ?lter (745 nm 
to 795 mn) Were also purchased from Chroma. The Orca-ER 
(Hamamatsu, BridgeWater, N.J.) NIR camera settings 
included gain 7 (out of 9), 2x2 binning, 640x480 pixel ?eld 
of vieW, and exposure time of 25 msec. Color video camera 
(HV-D27, Hitachi, TarrytoWn, N.Y.) images Were acquired 
at 30 frames per second at a resolution of 640x480 pixels. 
Data Was acquired and quantitated on a Macintosh computer 
equipped With a Digi-16 Snapper (DataCell, North Billerica, 
Mass.) frame grabber (for Orca-ER), CG-7 (Scion, Freder 
ick, Md.) frame grabber (for HV-D27) and IPLab softWare 
(Scanalytics, Fairfax, Va.). Aqueous soluble semiconductor 
nanocrystals Were resuspended in PBS. The suspension Was 
injected and imaged as described in the text and in 
Nakayama et al., “Functional near-infrared ?uorescence 
imaging for cardiac surgery and targeted gene therapy,” 
Molecular Imaging (2002). 

Synthesis of Aqueous Soluble NIR Emitting Semiconduc 
tor Nanocrystals 

Based on an analysis of transmission bands in biological 
tissue having different properties (discussed in detail beloW), 
NIR semiconductor nanocrystals With a peak emission 
Wavelength at 860 nm Were synthesized. Extensive charac 
teriZation using transmission electron microscopy, x-ray 
diffraction and ?uorescence lifetime measurements shoW 
that the structure is consistent With a core consisting of CdTe 
and a shell of CdSe (data not shoWn), and a mean diameter 
of approximately 15*20 nm. Semiconductor nanocrystals 
Were made soluble in aqueous media by treatment With 
oligomeric phosphines. The extinction coe?icient of these 
NIR semiconductor nanocrystals feature the characteristic 
increase to the blue, With a shoulder at approximately 730 
nm. Scanning spectro?uorometry shoWed a peak emission at 
860 nm (FIG. 1B). 

Semiconductor Nanocrystal Performance With Scattering 
Medium 
The in?uence and attenuation properties of surrounding 

tissue on absorbance and emission properties of 752 nm 
emissive semiconductor nanocrystals Was determined. The 
experimental geometry is shoWn in FIG. 2A. The ?rst 
medium chosen Was simply a non-absorbing bulfer (PBS) 
into Which Was added increasing concentrations of 
Intralipid. Intralipid is a suspension of various lipids in Water 
that is often used to simulate tissue scatter, and exhibits 
scatter that is strongly-dependent on Wavelength (propor 
tional to zlfzA, see, for example, van Staveren et al., 
Applied Optics 30:4507i45l4 (1991), Which is incorporated 
by reference in its entirety). ShoWn in FIG. 2B is the effect 
of increasing scatter on NIR semiconductor nanocrystal 
excitation. In the absence of scatter (thick solid line), 
scanning spectro?uorometry con?rmed that ?uorescence 
excitation matches the pattern of absorbance shoWn in FIG. 
1. HoWever, With as little as 0.02% Intralipid (us'z03 cm-1 
at 630 nm), increased semiconductor nanocrystal absor 
bance at bluer Wavelengths Was lost. The effect of 0.02% 
Intralipid on semiconductor nanocrystal emission Was insig 
ni?cant (FIG. 2B, semiconductor nanocrystal ?uorescence 












